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ABSTRACT 

Presented are approximate finite strip methods for use in predicting elastic 

buckling strength of cold-formed steel columns. These methods were developed by 

examining elemental behavior of cross-sections in eigen-buckling analyses and validated 

using a large database of finite element rack-type columns with perforation patterns. The 

influence of perforations is accounted by reduced thicknesses related to the plate buckling 

coefficient and transverse web rotational stiffness in the prediction of local and 

distortional buckling respectively. Global buckling prediction including the influence of 

perforations uses critical elastic loads of an unperforated section multiplied by the ratio of 

weighted to gross cross-sectional moment of inertia for flexural buckling and the ratios of 

weighted to gross cross-sectional warping torsion constant and weighted to gross St. 

Venant torsional constant for flexural-torsional buckling. Concern for end-user was given 

and methods are presented in a way for incorporation into governing design standards. 



 iii 

ACKNOWLEDGEMENTS 

To my advisor, Dr. Cris Moen, for his encouragement to achieve something 

better, to always ask the question “Why?”, for his guidance and funding I am indebted. 

To my parents, Gilbert and Catherine, whose expectations and trust have pushed 

me to be a better person – I am grateful. To my brother, Parker, for his support I am 

grateful as well. 

To my fiancée, Nora, who has lifted my spirits and whose words “be productive” 

have prodded my efforts more than once – I am blessed. 

And to my committee members, Dr. William Wright and Dr. Matthew Eatherton, 

I am thankful for their reviewing of this research. 

  



 iv 

TABLE OF CONTENTS 

Abstract ............................................................................................................................... ii 

Acknowledgements ............................................................................................................ iii 

Table of Contents ............................................................................................................... iv 

List of Figures .................................................................................................................... vi 

List of Tables ................................................................................................................... viii 

Chapter 1. Introduction ....................................................................................................... 1 

1.1. Background .......................................................................................................... 1 

1.2. Motivation ............................................................................................................ 3 

Chapter 2. Literature Review .............................................................................................. 6 

2.1. Uniaxially loaded simply supported plates with holes ........................................ 6 

2.2. Members with discrete holes ............................................................................. 10 

2.3. Members with periodic perforations .................................................................. 12 

Chapter 3. Finite Strip Elastic Buckling Solutions for Thin-Walled Metal Columns with 

Perforation Patterns ..................................................................................................... 16 

3.1. Abstract .............................................................................................................. 16 

3.2. Introduction ........................................................................................................ 17 

3.3. Finite element parameter studies – thin-walled columns with perforation 

patterns ............................................................................................................... 20 

3.3.1. Elastic buckling database development ....................................................... 20 

3.3.2. Modeling protocol and boundary conditions ............................................... 23 

3.3.3. Modal identification methods ...................................................................... 24 

3.3.4. Influence of perforation patterns on elastic buckling loads ......................... 25 

3.3.4.1. Local buckling observations for columns with perforation patterns ..... 27 

3.3.4.2. Distortional buckling observations for columns with perforation patterns  

................................................................................................................ 28 

3.3.4.3. Global buckling observations for columns with perforation patterns .... 29 

3.4. Global buckling of thin-walled metal columns with perforation patterns ......... 29 

3.4.1. Global flexural buckling .............................................................................. 30 

3.4.1.1. Critical elastic flexural buckling load prediction ................................... 30 



 v 

3.4.1.2. Finite element verification for flexural column buckling considering 

perforation patterns ................................................................................ 31 

3.4.2. Global flexural-torsional buckling ............................................................... 32 

3.4.2.1. Torsional properties of thin-walled metal columns with perforation 

patterns ................................................................................................... 32 

3.4.2.2. Critical elastic flexural-torsional buckling load prediction ................... 38 

3.4.2.3. Finite element verification for flexural-torsional column buckling 

considering perforation patterns ............................................................ 40 

3.5. Distortional buckling of thin-walled metal columns with perforation patterns . 42 

3.5.1. Loss of transverse web bending stiffness due to perforation patterns ......... 42 

3.5.2. Critical elastic distortional buckling load prediction ................................... 45 

3.5.3. Finite element verification for distortional buckling considering perforation 

patterns ......................................................................................................... 46 

3.6. Local buckling of thin-walled steel columns with perforation patterns ............ 47 

3.6.1. Rayleigh-Ritz energy solution for stiffened element local buckling with 

perforation patterns ...................................................................................... 48 

3.6.2. Finite strip treatment of Euler and unstiffened strip local buckling modes . 51 

3.6.3. Critical elastic local buckling load prediction ............................................. 53 

3.6.4. Finite element verification for local buckling considering perforation 

patterns ......................................................................................................... 54 

3.7. Conclusions ........................................................................................................ 55 

Chapter 4. Conclusions ..................................................................................................... 57 

4.1. Summary ............................................................................................................ 57 

4.2. Future Research ................................................................................................. 58 

References ......................................................................................................................... 60 

Appendix A.  Modifications to AISI S100 Specification.................................................. 64 

Appendix B.  Modification to AISI S100 Commentary .................................................... 72 

Appendix C.  Perforation Pattern Design Example......................................................... 104 

Appendix D.  Perforation Pattern Factors ....................................................................... 134 

 



 vi 

LIST OF FIGURES 

Fig. 1 Storage rack (a) assembly; (b) perforated rack column with shelf connection...18 

Fig. 2 Centerline cross-section dimension nomenclature ..............................................21 

Fig. 3 Perforation pattern nomenclature for a cross-section element ............................21 

Fig. 4 Finite element model loading and boundary conditions .....................................24 

Fig. 5 Elastic (a) distortional and (b) local buckling identified using maximum relative 

mode shape displacements for model S1_L2-5_T2-5_NL1_NT3_DE ..............25 

Fig. 6 Elastic buckling modes for model S5_L2-5_T2-5_NL1-5_NT1_BD: (a) 

flexural-torsional buckling, (b) local buckling, (c) symmetric distortional 

buckling, (d) asymmetric distortional buckling, and (e) flexural buckling with 

coupled long wave distortional buckling caused by perforations .......................26 

Fig. 7 Local buckling and perforation patterns: (a) nt=1 with wavelength stiffening, (b) 

nt=1 with unstiffened strip buckling, (c) nt=2 with Euler strip buckling, and (d) 

nt=3......................................................................................................................28 

Fig. 8 Flexural buckling finite element to predicted results for Pcre calculated using Eq. 

(1) and Pcre,f,nh calculated with CUFSM ..............................................................31 

Fig. 9 Warping study boundary and loading conditions ...............................................34 

Fig. 10 Comparison of finite element to weighted average approximations for the St. 

Venant torsional constant, Javg, calculated consistent with Eq. (2) .....................35 

Fig. 11 Comparison of finite element predictions and weighted average Cw,avg and net 

section Cw,net for columns with perforation patterns ...........................................36 

Fig. 12 Web warping shear stresses for (a) nt=1, (b) nt=2, and (c) nt=3 .........................38 

Fig. 13 Flexural-torsional buckling ABAQUS to predicted results of Pcre calculated 

using the weighted average classical equations, Eq. (3) through Eq. (6) ...........41 

Fig. 14 Flexural-torsional buckling ABAQUS to predicted results of Pcre calculated 

using Eq. (7) and Pcre,ft,nh found in CUFSM ........................................................41 

Fig. 15 Web rotational restraint boundary and loading conditions .................................43 

Fig. 16 Transverse rotational stiffness of web plates with periodic perforations ...........44 

Fig. 17 Distortional buckling ABAQUS to predicted results of Pcrd calculated using Eq. 

(11) and CUFSM.................................................................................................47 



 vii 

Fig. 18 Section S5_L4_T2_NL_1-5_NT1_AD (a) node and element and (b) stress 

inputs for sub-elemental local buckling analysis using CUFSM ........................52 

Fig. 19 Net Section finite strip analysis for (a) member S5_L4_T2_NL_1-5_NT1_AD, 

Pcrh=358.3 kN at Lcr,h=Lh=40.5 mm showing unstiffened strip buckling; (b) for 

member S5_L4_T2_NL_1-5_NT1_AD, Pcrh=219.3 kN, Lcr,h=Lh=40.5 mm 

showing Euler strip buckling ..............................................................................53 

Fig. 20 Local buckling ABAQUS to predicted results of Pcr calculated using the 

minimum of the elemental buckling mode, found using Eq. (33) and CUFSM, 

and the sub-elemental buckling mode, found using the net section in CUFSM 

 .............................................................................................................................55 

Fig. 21 Study of longitudinal and transverse perforation pattern factors effect on 

ABAQUS to predicted results for local buckling .............................................135 



 viii 

LIST OF TABLES 

Table 1 Centerline cross-section dimensions .................................................................. 21 

Table 2 Perforation schedule – longitudinal perforation dimensions and corresponding 

spacings .............................................................................................................. 22 

Table 3 Perforation schedule – transverse perforation dimensions and corresponding 

spacings .............................................................................................................. 22 

Table 4 Column schedule ................................................................................................ 23 

Table 5 Perforation pattern influence on critical elastic buckling loads ......................... 26 

Table 6 Torsion study models ......................................................................................... 33 

 



1 

 

CHAPTER 1. INTRODUCTION 

1.1. Background  

Since the characteristics of thin-walled steel post-buckling strength were 

quantified in the early half of the 1900s, structural cold-formed steel has seen an 

expansion in use. A shortlist of the benefits of the material includes that it is lightweight, 

transportable, potentially stackable, infinitely recyclable, noncombustible, and easily 

workable. Because of its high strength to weight ratio, fields as diverse as building 

construction, storage rack and appliance manufacturing, and aerospace engineering have 

relied on cold-formed steel to provide strength for main force resisting systems. 

These applications have forced design of cold-formed steel to specific conditions. 

Member cross-sections have been developed that prevent certain types of buckling 

through lip or elemental stiffeners. Free elements in cross-sections have allowed for 

fastening and construction of entire cold-formed steel systems. More importantly to this 

research is how the implementation of holes in cross-sections affects buckling behavior. 

To save weight and allow access for inspections in aerospace structures, holes are 

punched along member lengths. To allow for conduit to be passed through wall and 

ceiling systems in buildings, stud and joists are manufactured with holes spaced at regular 

intervals. To let warehouses determine best rack arrangements, storage rack systems 

include perforation patterns along lengths of columns that allow adjustability of shelving. 

Without consideration for holes, strength of cold-formed steel in many applications may 

be overestimated. 
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Strength prediction of cold-formed steel has relied on effective widths to estimate 

post buckling capacity of individual elements within a cross-section. These effective 

widths are used to more easily model how stresses are carried within a plate element – at 

the center and unsupported edges of a plate, less stress can be carried than at stiffened 

edges. An effective area composed of the effective element widths is then used to 

calculate local buckling capacity (a buckling mode where instability of individual 

elements contributes to the overall instability of the member). This process may be 

iterative, becomes burdensome as cross-sections become more complex, and ignores the 

static equilibrium and stiffening effects of the interaction between cross-sectional 

elements. Separate strength equations are provided for global buckling modes where the 

entire member buckles as a whole and distortional buckling where flanges in open shapes 

flexuarlly buckle outward but are restrained by the web. 

To stem use of difficult equations, a method that uses software has been 

developed in recent years to predict capacity of thin-walled metallic members. The Direct 

Strength Method (DSM) (AISI, 2007; Schafer, 2008) is an extension of column curve 

based design of hot-rolled steel that relates slenderness to buckling capacity for the three 

buckling modes – local, global, and distortional buckling. Slenderness values are 

constructed in such a way that uses critical elastic buckling loads and the squash load of 

the column, e.g., λc=(Py/Pcre)
0.5

. Critical elastic buckling loads can be easily calculated by 

inputting cross-section geometries and material properties into software that runs finite 

strip or general beam theory analyses.  

The incorporation of holes in cold-formed steel members complicates the design 

process. This has been addressed in the DSM for members used in residential, 
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commercial, and light industrial construction through modifications in determining 

critical elastic buckling loads, incorporating inelastic buckling into DSM curves, and 

limiting capacity to that of the net section, Py,net, rather than the squash load, Py (Moen 

and Schafer, 2009a; Moen and Schafer, 2011). The modifications to the process of 

determining critical elastic buckling loads to account for the influence of large, discretely 

spaced holes has been done through implementation of reduced cross-sectional 

thicknesses for distortional buckling, using weighted average cross-sectional properties in 

classical buckling equations for global buckling, and examining the worst case condition 

of local buckling at the location of holes or in the gross-section between holes. Literature 

on this topic will be incorporated into the next publishing of the American Iron and Steel 

Institute’s (AISI) North American Specification for the Design of Cold-Formed Steel 

Structural Members (2012). 

Perforation patterns characteristic of rack sections are the focus of this research; 

these perforations differ from discrete holes in that they are typically smaller in size and 

are arranged in tightly spaced arrays along an a cross-sectional element’s length. The 

influence of periodic perforations on local buckling strength of pallet rack sections has 

been captured in the past through experimental determination of an effective cross-

sectional area (CEN, 2009; RMI, 2012). The engineer is left to use rational analysis to 

account for other buckling modes. This research is a part of efforts to expand the DSM to 

include periodic perforations (Casafont et al., 2012). 

1.2. Motivation  

Developing prediction methods for pallet rack columns with periodic perforations 

is beneficial for two reasons. The first is that physical testing for strength prediction 
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required by governing standards in the US of the Rack Manufacturer’s Institute (RMI) 

(2012) and in Europe of the European Committee for Standardization (CEN) (2009) can 

be reduced or eliminated, representing potentially a large cost savings for the rack 

industry. The second is that reliability in quantifying strength of distortional and global 

buckling can be improved if a prediction method explicitly states how to quantify the 

influence of perforations. 

The decision to explore elastic buckling prediction of columns with periodic 

perforations stems from efforts to expand the Direct Strength Method to give designers a 

larger toolbox for strength prediction. Because of the DSM’s ease of use, it is becoming 

the preferred method of cold-formed steel design, solidifying examination of the method 

to include periodic perforations. The key point in making the DSM account for 

perforations is to quantify the effect of perforations on elastic strength of local, 

distortional, and global buckling; DSM curves have already been calibrated considering 

unperforated rack uprights along with many other standard shapes – see pre-qualified 

shapes in AISI’s North American standard (2007). 

Additionally, research was motivated to consider the end use of the methods. 

Behavior based predictions are presented that are easy to implement for novice users and 

robust enough to give product engineers a large design space. While the research strictly 

examines web perforations in finite element models, local buckling is derived in a general 

sense that may be applied to any stiffened element in a cross-section with perforation 

patterns and global and distortional buckling prediction methods are potentially 

applicable to shapes with flange holes as well. That the methods are general in nature 

may spell their use in other fields besides rack manufacturing, such as design of 
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perforated stiffeners in aerospace applications and perforated architectural cladding in 

building applications. 
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CHAPTER 2. LITERATURE REVIEW 

Discrete holes and the smaller holes of perforation patterns have found 

applications in cold-formed steel compression members for many years. Investigations on 

their effects on buckling behavior have typically started from examinations on discrete 

holes in uniaxially loaded simply supported plates subject local buckling. Observations 

from these studies have helped define ways to treat the effects of holes in full cross-

sectional members. Separate studies have helped define procedures to treat distortional 

and global buckling modes of cross-sections with perforation patterns and discrete holes. 

To begin a review of literature, an obvious starting point is research involving plates with 

holes. 

2.1. Uniaxially loaded simply supported plates with holes 

An early investigation into a hole’s effect on plate buckling was funded by the 

Navy Department of the US Bureau of Aeronautics to better understand the stabilizing 

effects of the common practice of stiffening edges of holes in fuselage and wing 

construction of airplanes (Levy et al., 1947). Theoretical elastic buckling of the plate was 

examined and charts were developed for constants to be used when solving for the critical 

elastic buckling load. The solution was performed with an energy approximation using a 

trigonometric series for the plate deflection function, w. The numerical method was not 

compared to experimental results. The study found that even at unstiffened hole 

diameters as great as half the width of the plate, the critical buckling load was reduced by 

less than 15 percent in comparison to an unperforated plate. 
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Research by Schlack (1964) investigated elastic buckling in square plates with 

circular holes using a Ritz energy approach. The displacement function, w, was phrased 

as a polynomial series and found that reduction in critical load in comparison to cases 

without holes to be no greater than 15 percent for holes with a diameter no greater than 

30 percent of the plate width. The theoretical model was found to be very accurate 

through physical experimentation. Critical elastic buckling loads in experiments were 

defined to occur at the inflection point of load-deflection curves. 

Kawai and Ohtsubo (1968) investigate a more general application of a Rayleigh-

Ritz energy solution using an initial stress distribution from a finite element study and 

using a power series displacement function, w. Similar results to Schlack (1964) were 

found for smaller holes. Stress distributions found from finite element modeling of plates 

with large holes led to a compelling simplified model: plate buckling will occur in the 

unstiffened strips adjacent to the hole. This is beneficial to designers as it forgoes the 

more rigorous mathematics required when using an energy solution. 

“Compressive buckling of perforated plate elements” by Pennington Vann (1971) 

studies the following in compression: elastic buckling of square plates with single 

circular holes with and without hole stiffeners using finite element analysis and testing, 

elastic buckling of rectangular plates with single circular holes with and without 

stiffeners using physical experiments, and the ultimate capacity of stud sections with 

circular holes with and without stiffeners. Pennington Vann astutely observes the 

competing behavior of a hole’s effect on in-plane stress distribution and bending 

stiffness; holes reduce bending stiffness and thus want to reduce the elastic buckling load, 

but they also force in-plane stresses away from the center of the plate which is most 
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prone to buckling and thus want to increase the buckling load. These observations played 

out in the finite element analyses. These studies found that elastic buckling capacity 

decreases as hole diameter increases until a point at which the plate behaves much like 

the unstiffened strip model of Kawai and Ohtsubo’s research (1968) where elastic loads 

begin to increase. When the hole diameter is half of the plate width, the buckling load is 

equal to that of the plate without a hole and at no point elastic buckling of plates with 

holes is less than 90 percent of the no hole case. Physical testing confirmed this behavior. 

Elastic buckling and ultimate post-buckling strength of plate elements with square 

and circular holes were examined by Yu and Davis (1971). Noted was that plates with 

square holes had lower elastic buckling loads than plates with circular holes, but post 

buckling strength was similar for circular holes with the same diameter as width of square 

holes. A clear distinction between uniform stress and uniform displacement approaches 

of past research examining the elastic buckling mode is made; for uniform displacement 

studies, large holes greatly stiffen plates while the opposite can be said for the uniform 

stress approach. The uniform stress approach provided more accurate approximations of 

the buckling coefficient in comparison to physical tests performed. The unstiffened strip 

model was revisited, writing design guide appropriate language for post buckling strength 

prediction of elements with holes that modified George Winter’s effective width 

approach for elements without holes (Winter, 1947). 

Noted by Chow and Narayanan (1984) is a perforation’s general detrimental 

effect on ultimate strength of plates due to its effect on post buckling behavior. Studied 

by Chow and Narayanan were finite element models for circular and square holes placed 

with varying eccentricities on simply supported and clamped square plates subject to 
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uniaxial and biaxial compression and pure shear loadings. Physical testing using the 

inflection point method confirmed finite element models; error between the two was no 

greater than 10 percent. In uniaxial compression, testing for concentric holes found the 

same behavior present as Pennington Vann (1971). Eccentric holes had little effect on 

elastic buckling for hole widths less than or equal to a fifth of the uniaxially loaded plate, 

while larger holes began to reduce critical loads because they forced in-plane stresses 

back into portions of the plate more susceptible to buckling. Square holes, especially at 

larger widths, had a more detrimental effect on elastic buckling when compared to 

circular holes of similar diameter. 

Mahendran, Shanmugam, and Richard Liew (1994) studied plates with single 

square holes within portions of the plates confined by stiffeners. These stiffeners can be 

seen as breaking up the plate into smaller rectangular simply supported plates with single 

square holes. Examined by the research was the combination of past research on elastic 

buckling coefficients of plates with holes, second order elastic post buckling using the 

redistribution of in-plane stresses in the deformed plate, and a rigid-plastic yield line 

analysis to predict the ultimate capacity of the stiffened plates. Theoretical predicted 

capacities were within 10 percent of physical test results. 

Research was conducted by Moen and Schafer (2009b) in an effort to provide 

designers with a simple way of determining elastic buckling stress of long plates with 

holes simply supported on three or four sides. For cases simply supported on four sides, 

an approximate method was validated through examination of finite element models that 

stated plate buckling would either occur at either side of the unstiffened edges of holes 

(i.e., a simply supported plate on three sides of length equal to the length of the hole) or 
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in the gross plate between holes. For the former, an unstiffened plate buckling coefficient 

was explicitly found; for the latter, a classical solution to the plate buckling coefficient is 

used but may be conservatively taken as equal to 4, that of an infinitely long plate. By 

taking the minimum stress found by these methods, the critical elastic buckling load can 

be found. This formulation can predict the observed effect that sometimes holes may 

stiffen buckling such that buckling loads were greater than that of plates without holes. 

Observed in this research was a buckling mode featuring holes of smaller widths in 

stiffened elements (simply supported on four sides) where plate buckling occurred with 

holes located within buckling deformations. Treatment of this mode was not pursued. 

These approximate models were validated through finite element eigen-buckling 

analyses. 

2.2. Members with discrete holes 

Ortiz-Colberg (1981) performed stub column tests on sections with circular holes 

in an effort to refine past effective width methods involving holes (Yu and Davis, 1971) 

which did not account for internal stress distributions from cold work of forming of steel 

cross-sections. Noted in this study is that effective widths are affected by an interaction 

of perforation size, elemental slenderness, and material properties. Also studied by Ortiz-

Colberg is the effect holes have on long column buckling, also known as global buckling. 

The cross-sections studied did not have a significant effect on global buckling (an 

average decrease in buckling capacity of nine percent) and including more holes in 

members did not necessarily decrease buckling loads.  This was cited as a result of the 

most effective portions of the cross-section in the global buckling mode to be unaffected 

by holes located in the web. 
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Loov, in research done at the University of Calgary (1983), studied local buckling 

of wall stud sections of varying depth with circular and rectangular web perforations. His 

efforts examined modifications to the effective width approach to account for the 

unstiffened portions of the web at the location of holes. Similar tests were carried out by 

Miller and Pekoz (1994) which studied stub columns with rectangular holes of varying 

size to expand applicability and improve upon methods developed by others (Yu and 

Davis, 1971; Ortiz-Colberg, 1981). This study saw reductions in strength of up to ten 

percent due to perforations and confirms use of an effective width method that states the 

ineffective portion of a plate to be at least the width of the perforation. 

Moen and Schafer, through a series of extensive studies, examined elastic 

buckling and strength prediction of columns with discrete holes (Moen and Schafer, 

2009a; Moen and Schafer, 2011). For elastic local and distortional buckling, approximate 

finite strip methods are developed and validated with finite element eigen-buckling 

analyses. Local buckling prediction extends the observed buckling modes of elastic plate 

buckling with holes (Moen and Schafer, 2009b) to local buckling of the cross-section. 

Unstiffened strip buckling at the locations of holes can be determined through a finite 

strip analysis and is compared to buckling of the undisturbed cross-section between 

holes; whichever load is the lowest controls local buckling of the column. Distortional 

buckling prediction uses a reduced web thickness of finite strip models to simulate loss in 

transverse web bending stiffness due to the presence of holes. The critical distortional 

buckling load including the influence of holes (Pcrd,h) is taken at the distortional buckled 

half-wavelength of the undisturbed section (Lcrd,nh) as holes were not observed to affect 

lengths of deformations. Elastic buckling prediction of global buckling modes (modes 
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where the critical buckling half-wavelength is equal to the member length, Lcr=L) is done 

through modifying classical buckling equations to account for the influence of holes. For 

flexural buckling, a weighted average moment of inertia is used. This approach 

conspicuously overpredicts buckling loads and is a result of the method’s inability to 

account for local instabilities in the cross-section (thin-walled behavior). The flexural-

torsional buckling prediction method is less prone to this rigid-body error and uses a 

weighted average approach for all properties except the torsional warping constant. 

Instead, the net section torsional warping constant is used as warping shear stresses were 

observed to be disturbed at the location of the hole. Strength of sections with holes was 

addressed through modifying the DSM to account for their influence on elastic buckling 

parameters used in slenderness calculations, limiting capacity to the net section yielding 

capacity (Py,net), and defining an inelastic buckling region on the local, distortional, and 

global buckling curves. 

2.3. Members with periodic perforations 

Tested by Hancock (1984) were rack type sections with and without perforation 

patterns. The focus of this study was distortional buckling and it found that slenderness of 

this mode, calculated using the squash load and elastic properties from finite strip 

analysis, was a good predictor of strength. This formed the basis for what was to become 

the Direct Strength Method. Hancock’s prediction of distortional buckling including 

perforations was to determine buckling stress based on the gross section and then use the 

net cross-sectional area to calculate distortional capacity. 

Research led by Rhodes investigated the effects of circular and slotted perforation 

patterns in stub column tests. Examination of circular perforations (Rhodes and 
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Schneider, 1994) found that local buckling loads depended on the location of perforations 

within the cross-section: perforations near the stiffer junctions of elements reduced loads 

more than those located more toward the center of elements. This research found that 

holes reduced capacity less than the reduction of net cross-sectional area and 

recommends a modification to the effective width method similar to the concept 

confirmed by Miller and Pekoz (1994). Slotted perforations were studied to determine the 

effects of perforation length on local buckling that could not be observed in the research 

on circular perforations (Rhodes and Macdonald, 1996). It was found that perforation 

length does in fact affect local buckling capacity which the effective width approach does 

not account for. Proposed is using the worst case capacity obtained by the effective width 

method and a method that examines column strip buckling – where perforations cause 

portions of cross-sectional elements to have two free edges and buckle like columns. 

Pu and a team of researchers reexamined the column strip buckling phenomenon 

through testing of stub columns with rectangular perforations (Pu et al., 1999). This 

research found that the effective length of the column strip was slightly longer than the 

length of perforations. A modified Perry-Robertson approach to column buckling was 

developed for this local buckling mode that considered anisotropy of the material. 

Local and distortional buckling of wall studs with long slit perforation patterns 

used for thermal barrier applications in Nordic countries were examined numerically and 

experimentally by Kesti (2000). Treatment of perforations in local buckling is done 

through a reduced thickness of the disturbed portion of elements and is calculated by 

tr=t(σcr,h/σcr,nh)
0.5

, where t is the thickness of the unperforated section and σcr,h and σcr,nh 

are the critical buckling stresses of the perforated and unperforated element respectively. 
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Since the slit patterns of the research did not vary perforation size or spacing, a single 

reduction factor of (σcr,h/σcr,nh)
0.5

=0.72 is presented based on finite element studies. This 

reduced thickness is then used in finite strip or general beam theory analysis to determing 

the critical elastic local buckling load. That perforations in local buckling were treated 

with a reduced thickness implies only a mode where plate deformations contain 

perforations was observed and not column strip or unstiffened strip buckling. Distortional 

buckling is modeled through a reduced thickness applied to the perforated portion of the 

web that based on the reduction in perpendicular bending caused by perforations. This 

reduction is stated as tr=t(σcr,bending,h/σcr,bending,nh)
0.333

 and found through finite element 

modeling to be equal to 0.39t and is used in finite strip or general beam theory analysis to 

predict critical elastic distortional buckling. 

Within Chapter 4 of Sarawit’s doctoral thesis (2003) is an examination of local 

buckling of axially loaded plates with perforation patterns and global buckling of axially 

loaded rack sections with perforation patterns. It was found through finite element 

modeling that elastic flexural-torsional buckling including perforations can be 

approximated through use of classical equations using either the average or weighted 

average section properties, as results from both were nearly the same. This is due to the 

longitudinal spacing of perforations causing the total length of the gross and net sections 

to be approximately equal. The local buckling mode observed in the finite element 

analyses of plates with perforations was the same as the one observed by Kesti (2000) – 

plate deformations containing perforations and not column or unstiffened strip buckling. 

A reduction in the plate buckling coefficient is given for the particular perforation pattern 
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studied, but explicit recommendations are not given for the prediction of elastic local 

buckling of members with perforations. 

Casafont has led a team of researchers in finding elastic buckling prediction 

methods using finite strip models to predict the influence of perforation patterns in pallet 

rack sections (Casafont et al., 2012). These methods apply stress at member ends 

mimicking the stress at the net section, apply reduced thicknesses at the location of 

perforations to form reduced thickness strips along the member, and were calibrated with 

finite element models that forced deformations in pure sinusoidal shapes. The reduced 

thickness used in the local buckling prediction method was found to be dependent on 

longitudinal and transverse perforation pattern properties and the depth of member 

flanges. That a reduced thickness is used for local buckling signifies only the prediction 

of plate buckling with perforations to be present and not column or unstiffened strip 

buckling. The researchers acknowledge the fact that local buckling prediction was not 

adequate. For distortional buckling, a similar reduced thickness equation to the one 

developed by Moen and Schafer (2009a) is recommended and provides accurate but 

slightly conservative results. It was noted that accuracy could be improved by 

considering perforation pattern properties in the transverse direction. Global buckling 

reduced thicknesses were directly related to the ratio of the longitudinal length of the 

unperforated section between perforations to the longitudinal perforation spacing, more 

or less a continuation of a weighted average property approach. The global buckling 

model, when applied to flexural and torsional-flexural buckling was an accurate predictor 

of critical global buckling loads. 
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CHAPTER 3. FINITE STRIP ELASTIC BUCKLING SOLUTIONS FOR THIN-

WALLED METAL COLUMNS WITH PERFORATION PATTERNS 

3.1. Abstract 

Approximate finite strip eigen-buckling solutions are introduced for local, distortional, 

flexural, and flexural-torsional elastic buckling of a thin-walled metal column with 

perforation patterns. These methods are developed to support a calculation-based strength 

prediction approach for steel pallet rack columns employing the American Iron and Steel 

Institute’s Direct Strength Method; however they are generally posed and could be useful 

in structural studies of thin-walled thermal or acoustical members made of steel, 

aluminum, or other metals. The critical elastic global buckling load including 

perforations is calculated by reducing the finite strip buckling load of the cross-section 

without perforations using the weighted average of the net and gross cross-sectional 

moment of inertia along the length of the member for flexural (Euler) buckling, and for 

flexural-torsional buckling, using the weighted average of both the torsional warping and 

St. Venant torsional constants. For local buckling, a Rayleigh-Ritz energy solution leads 

to a reduced thickness stiffened element equation that simulates the influence of 

decreased longitudinal and transverse plate bending stiffness caused by perforation 

patterns. The cross-section with these reduced thicknesses is input into a finite strip 

analysis program to calculate the critical elastic local buckling load. Local buckling at a 

perforation is also treated with a net section finite strip analysis. For distortional 

buckling, a reduced thickness equation is derived for the web of an open cross-section to 

simulate the reduction in its transverse bending stiffness caused by perforation patterns.  

The approximate elastic buckling methods are validated with a database of 1282 thin 
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shell finite element eigen-buckling models considering five common pallet rack cross-

sections, 36 perforation dimension combinations, and twelve perforation spacing 

combinations. 

3.2. Introduction 

Vertical steel pallet rack columns have perforation patterns punched continuously 

along their length to accommodate horizontal storage rack shelving (Fig. 1) and these 

perforations decrease a rack column’s axial capacity. In the U.S., the Rack 

Manufacturer’s Institute (RMI) predicts the strength decrease with the Q factor method 

(RMI, 2012), an empirical approach where stub column tests quantify decreased local 

buckling capacity from the perforations. The European Committee for Standardization 

(CEN) implements a similar test method to derive an effective cross-sectional area (CEN, 

2009). Both approaches treat local buckling, however they do not provide specific 

methods for addressing perforation patterns and their influence on distortional and global 

buckling limit states. A calculation-based method that considers all buckling limit states 

would improve the structural reliability of rack columns and reduce or eliminate the need 

for testing when new storage rack systems are introduced.  
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Fig. 1 Storage rack (a) assembly; (b) perforated rack column with shelf connection 

(UNARCO, 2012) 

 

 

Efforts to improve rack column strength prediction are ongoing (Casafont et al., 

2012) with a focus on the American Iron and Steel Institute’s (AISI) Direct Strength 

Method (DSM) (AISI, 2007; Schafer, 2008). Nominal column strength with the DSM is 

calculated as the minimum of local, distortional, and global buckling strength, i.e., 

Pn=min(Pn, Pnd, Pne). Limit state strengths are obtained from design equations that accept 

cross-section and global slenderness parameters as inputs, i.e., λc=(Py/Pcre)
0.5

, 

λ=(Py/Pcr)
0.5

, and λd=(Py/Pcrd)
0.5

, where the column squash load Py=AgFy, Ag is the gross 

column cross-sectional area, Fy is the steel yield stress, and the local distortional, and 

global critical elastic buckling loads are Pcr, Pcrd, and Pcre respectively. Elastic buckling 

loads are obtained from a signature curve generated with finite strip eigen-buckling 

analysis software, e.g., CUFSM (Li and Schafer, 2010), CFS (RSG Software, Inc., 2013), 

or THIN-WALL (Papangelis and Hancock, 1995).  
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Precedent for using the DSM to predict capacity of thin-walled members with 

perforations was established recently by a multi-year study (Moen and Schafer, 2009c) 

that demonstrated the DSM’s viability both experimentally (Moen and Schafer, 2011; 

Moen et al., 2013) and computationally (Moen and Schafer, 2011) for cold-formed steel 

wall studs and floor joists with evenly spaced discrete perforations. The method is 

implemented in AISI S100-12 North American Specification for the Design of Cold-

Formed Steel Structural Members, Appendix 1 (AISI, 2012). Nominal column strengths 

are obtained using the same DSM equations for columns without perforations, however, 

Pcre, Pcr, and Pcrd are calculated including perforations with finite strip analysis and 

modifications to classical plate and member stability equations (Moen and Schafer, 

2009b; Moen and Schafer, 2009a). Inelastic buckling at a net section is treated with an 

equation transition to the net section capacity, Pynet. It is hypothesized that this overall 

approach is applicable to any thin-walled metal column with perforation patterns if the 

critical elastic local, distortional, and global buckling loads are calculated considering the 

specific perforation layout. 

In this manuscript, approximate finite strip methods are summarized and validated 

for cross-sectional and global elastic buckling loads of thin-walled columns with 

perforations patterns. A thin-shell finite element eigen-buckling database constructed 

with over 1200 models shows how perforation quantity, spacing, and size affect buckling 

loads and mode shapes. Then finite strip eigen-buckling analysis methods are introduced 

for calculating Pcr, Pcrd, and Pcre considering perforation patterns. Although the research 

motivation is cold-formed steel racks, mechanics underlying the methods are general, 

making them potentially applicable to perforated hot-rolled steel rack columns, slit steel 
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thermal studs (Kesti, 2000), acoustic cold-formed steel decks (Degtyarev and 

Degtyareva, 2012), and even marine engineering applications such as ship decks (Suneel 

Kumar et al. 2009). 

3.3. Finite element parameter studies – thin-walled columns with perforation 

patterns 

3.3.1. Elastic buckling database development 

Finite element eigen-buckling analyses were conducted using the commercial 

software ABAQUS (Dassault Systèmes, 2011) to examine perforation pattern effects on 

elastic local, distortional, and global buckling loads and mode shapes, and to develop a 

database used later in the manuscript when validating the finite strip methods. The 

database includes cross-section types, thicknesses, perforation patterns, and unbraced 

column lengths common to cold-formed steel storage racks. 

Five cross-section shapes were considered in this study (Fig. 2 and Table 1) with 

base metal thicknesses of 1.8 mm, 2.0 mm, and 2.5 mm. The shapes are consistent with 

other rack member studies (Casafont et al., 2012; Sarawit, 2003). Perforation dimension 

nomenclature is introduced in Fig. 3, and dimension ranges are provided in Table 2 and 

Table 3. Two column lengths are evaluated, 2.5Lcrd,nh and 4Lcrd,nh, where Lcrd,nh is the 

distortional buckling half-wavelength for an unperforated member calculated with 

CUFSM.  
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Table 1 Centerline cross-section dimensions 

Shape ho bo D θ b2 D2 

 (mm) (mm) (mm) (deg) (mm) (mm) 

1 72 36 18 - - - 

2 72 72 18 - - - 
3 72 36 13.4 63.4 30 12 
4 72 90 21.2 45 39 15 
5 108 30 17.5 59.0 33 15 

 

 

 
Fig. 2 Centerline cross-section dimension nomenclature 

 

 

 
Fig. 3 Perforation pattern nomenclature for a cross-section element. Note that b=ho in this 

manuscript because only web holes were considered. 
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Table 2 Perforation schedule – longitudinal perforation dimensions and corresponding 

spacings 

Longitudinal 

Dimension 
Longitudinal Spacing (ho/sl) 

Lh/ho Name Full Data Set 
Rack Data 

Set 

0.375 A 1, 1.5 1.5 
0.313 B 1, 1.5 1.5 
0.25 C 1, 1.5, 2 1.5 
0.188 D 1, 1.5, 2 

dimensions 

not used 
0.125 E 1, 1.5, 2, 3 

0.094 F 1, 1.5, 2, 3 

 

 

Table 3 Perforation schedule – transverse perforation dimensions and corresponding 

spacings 

Transverse 

Dimension 
Transverse Spacing (nt) 

dh/ho Name Full Data Set 
Rack Data 

Set 

0.375 A 1 
dimensions 

not used 
0.313 B 1 
0.25 C 1, 2 
0.188 D 1, 2 2 
0.125 E 1, 2, 3 2 
0.094 F 1, 2, 3 2 

 

 

Perforation pattern combinations considered in the database are assigned two-

letter combinations that represent perforation length, width, and spacing. To illustrate a 

sample combination, consider the model where shape=3 (see Fig. 2), L=2.5Lcrd,nh, and 

t=1.8 mm with the perforation combination “CE”. This “CE” combination represents a 

pattern in which the perforation length Lh=“C”, or Lh=0.25ho, and the perforation width 

dh=“E”, or 0.125ho (see Fig. 3, Table 2, and Table 3). Corresponding to these dimensions, 

the longitudinal perforation spacing is varied (Table 2, Lcr/sl=1, 1.5 and 2) as well as the 

transverse perforation spacing (Table 3, nt=1, 2, and 3), resulting in a total of 9 

permutations. The model name for ho/sl=1.5 and nt=2 is S3_L2-5_T1-8_NL1-5_NT2_CE; 
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names for other models follow this convention. Variable combinations for all 1282 

columns in the database are summarized in Table 4. The complete elastic buckling 

database is archived in digital format and freely available for download at Virginia Tech 

(Smith, 2013). 

 

Table 4 Column schedule 

t L/Lcrd,nh Shape 
(mm)   1 2 3 4 5 

1.8 

2.5 

FF AA DD CC EE 

AB, BA AC, CA AD, DA AE, EA AF, FA 

CD, DC BE, EB BF, FB BD, DB BC, CB 

EF, FE DF, FD CE, EC CF, FC DE, ED 

4 

DD FF CC EE BB 

AF, FA AB, BA AC, CA AD, DA AE, EA 

BD, DB CF, FC BE, EB BC, CB CD, DC 

CE, EC DE, ED DF, FD EF, FE BF, FB 

2 

2.5 

AA CC EE BB FF 

AC, CA AD, DA AE, EA AF, FA AB, BA 

BF, FB BC, CB BD, DB BE, EB CE, EC 

DE, ED EF, FE CF, FC CD, DC DF, FD 

4 

EE DD BB AA CC 

AE, EA AF, FA AB, BA AC, CA AD, DA 

BC, CB BD, DB CD, DC BF, FB BE, EB 

DF, FD CE, EC EF, FE DE, ED CF, FC 

2.5 

2.5 

BB EE AA FF DD 

AD, DA AE, EA AF, FA AB, BA AC, CA 

BE, EB BF, FB BC, CB CE, EC BD, DB 

CF, FC CD, DC DE, ED DF, FD EF, FE 

4 

CC BB FF DD AA 

AC, CA AB, BA AD, DA AF, FA AE, EA 

BF, FB CD, DC BE, EB BD, DB BC, CB 

DE, ED EF, FE CF, FC CE, EC DF, FD 

 

3.3.2. Modeling protocol and boundary conditions 

Finite element models were generated using custom Matlab (Mathworks, 2012) 

code written by the authors. Models feature thin-shell S9R5 elements with a maximum 
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aspect ratio of 4:1 consistent with the second author’s validated modeling protocol 

(Moen, 2008). Cross-sections were modeled with sharp corners. Material properties 

considered are typical of cold-formed steel, with Young’s modulus E=203.4 GPa and 

Poisson’s ratio μ=0.30. Column end boundary conditions are pinned-warping free (Fig. 

4). Consistent nodal loads that consider the S9R5 quadratic shape function (Schafer, 

1997) were used to apply a uniform stress to the member ends. 

 

 
Fig. 4 Finite element model loading and boundary conditions 

 

3.3.3. Modal identification methods 

The lowest local, symmetric distortional, asymmetric distortional, flexural, and 

flexural-torsional buckling modes were identified visually for each of the 1282 finite 

element eigen-buckling models. In most cases the buckling mode could be found using 

the critical elastic buckling load and buckled half-wavelengths provided by an initial 

finite strip analysis in CUFSM excluding holes as a guide. Sometimes modes would mix 

as perforations caused critical elastic buckling loads of different modes to be near one 

another. In these cases, maximum relative displacements in a buckling mode aided the 

modal classification. For example, in Fig. 5, model S1_L2-5_T2-5_NL1_NT3_DE has 

critical elastic local and distortional buckling loads that are nearly equal – Pcr,h=435.54 



 25 

kN and Pcrd,h=434.83 kN. The buckling mode shown in Fig. 5a is identified as being 

distortional buckling because half-waves similar in length to Lcrd,nh=360 mm are 

dominant, while the mode in Fig. 5b is identified as local buckling because half-waves of 

similar length to Lcr,nh=57 mm are dominant.  

 
Fig. 5 Elastic (a) distortional and (b) local buckling identified using maximum relative 

mode shape displacements for model S1_L2-5_T2-5_NL1_NT3_DE 

 

3.3.4. Influence of perforation patterns on elastic buckling loads 

Perforation patterns typically decreased the buckling loads as shown in Table 5. 

Flexural-torsional buckling (Pcre,ft,h) in Fig. 6a was the least sensitive mode because only 

web perforations were considered in this study and the flanges contribute most to the 

torsional rigidity. Local buckling (Pcr,h) in Fig. 6b and flexural buckling (Pcre,f,h) in Fig. 

6e were the most sensitive, with reductions in elastic buckling loads of approximately 10 

percent when compared to columns without perforations. Specific reasons for these 

sensitivities are provided in the following sections.  
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Table 5 Perforation pattern influence on critical elastic buckling loads  

Mode 
Flexural-Torsional 

Buckling Flexural Buckling 
Distortional 

Buckling Local Buckling 
n 1252 1128 1252 1252 

  (Pcr,h/Pcr,nh)ABAQUS 

Min 0.83
a 

0.72
b 

0.58
c 

0.48
d 

Max 1.00 0.99 1.04
e 

1.25
f 

Mean 0.97 0.92 0.95 0.91 
COV 0.03 0.05 0.06 0.12 

a
S5_L2-5_T2-5_NL1-5_NT2_AC, 

b
S2_L2-5_T2-5_NL1-5_NT3_AE, 

c
S5_L4_T1-8_NL1_NT3_AE, 

d
S5_L2-5_T2-5_NL1-5_NT2_AC, 

e
S1_L2-5_T1-8_NL1_NT1_BA, 

f
S5_L4_T1-8_NL1_NT1_EA 

 

 

(a) Pcre,ft,h,ABAQUS=225.5 kN 

  

(b) Pcr,h,ABAQUS=346.2 kN 

 
 

(c) Pcrd,h,ABAQUS=461.3 kN 

 
 

(d) Pcrd,a,h,ABAQUS=525.3 kN 

 
 

(e) Pcre,f,h,ABAQUS=539.2 kN 

  
Fig. 6 Elastic buckling modes for model S5_L2-5_T2-5_NL1-5_NT1_BD: (a) flexural-

torsional buckling, (b) local buckling, (c) symmetric distortional buckling, (d) 

asymmetric distortional buckling, and (e) flexural buckling with coupled long wave 

distortional buckling caused by perforations 
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3.3.4.1. Local buckling observations for columns with perforation patterns 

Critical elastic local buckling loads reduce the most when there is more than one 

perforation across the web width as shown in Fig. 7c and Fig.7d. Removing web material 

near the web-flange juncture causes larger losses in transverse web membrane and 

bending stiffness when compared to a single perforation in a half-wave, see Fig.7a and 

Fig. 7b. Transverse plate stiffness (and buckling load) is reduced more by perforations 

when the longer dimension is oriented along the column length; compare Lh/dh≥1 in Fig. 

7b to Lh/dh<1 in Fig. 7a. The local buckling load is higher than the unperforated case in 

Fig. 7a because of wavelength stiffening (Moen and Schafer, 2009b) where the half-wave 

shape changes to fit between perforations. Unstiffened strip buckling on either side of a 

perforation (Pennington Vann, 1971; Yu and Davis, 1971) (Fig. 7b) and Euler strip 

buckling between perforations (Fig. 7c) are also observed; this net section buckling 

deformation reduces column capacity in tests (Moen and Schafer, 2008). 
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(a) S5_L4_T1-8_NL1_NT1_EA (Pcr,h/Pcr,nh)ABAQUS=1.25 

  

(b) S5_L4_T1-8_NL1-5_NT1_AE (Pcr,h/Pcr,nh)ABAQUS=0.83 

  

(c) S5_L2-5_T2-5_NL1-5_NT2_AC (Pcr,h/Pcr,nh)ABAQUS=0.48 

 
 

(d) S5_L4_T2-5_NL1-5_NT3_AE (Pcr,h/Pcr,nh)ABAQUS=0.54 

  

Fig. 7 Local buckling and perforation patterns: (a) nt=1 with wavelength stiffening, (b) 

nt=1 with unstiffened strip buckling, (c) nt=2 with Euler strip buckling, and (d) nt=3 

 

3.3.4.2. Distortional buckling observations for columns with perforation patterns 

Perforation patterns always decreased the critical elastic distortional buckling load 

and increased the distortional buckling half-wavelength in this study. Distortional 

buckling is restrained flexural-torsional buckling of the compressed flanges, where the 

restraint on the flanges comes from transverse web bending stiffness. When perforations 

are added to the web, transverse web bending stiffness decreases, reducing the 

distortional buckling load. The most severe reduction in buckling load is caused by more 

than one transverse perforation, i.e., nt>1, see Pcr,h/Pcr,nh=0.58 for model S5_L4_T1-

8_NL1_NT3_AE in Table 5. The half-wavelength increases as web bending stiffness 

decreases from perforations, just as the buckled half-wavelength for a column on an 

elastic foundation increases when the spring stiffness tends to zero. 

The critical elastic distortional buckling load reported in the database is the lowest 

of the symmetric (Fig. 6c) and asymmetric (Fig. 6d) modes. Local buckling and 
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symmetric distortional buckling interacted most frequently in the finite element models 

with t=1.8 mm. This interaction was rarely observed for asymmetric distortional buckling 

(Fig. 6d) because transverse double web curvature prevents local buckling half-waves 

from forming. Asymmetric distortional buckling governed over symmetric distortional 

buckling in approximately 30 percent of the models in the database. 

3.3.4.3. Global buckling observations for columns with perforation patterns 

The lowest critical elastic buckling load for rack sections in this study was the 

flexural-torsional mode (Fig. 6a), and since Pcre,ft was always much lower than Pcr and 

Pcrd, interaction with cross-sectional modes was not observed. Weak axis flexural 

bucking coupled with a long wave distortional buckling mode in most of the models (Fig. 

6e), i.e., the cross-section opens along the column length because transverse bending 

stiffness is reduced by the perforation patterns. The most severe reduction in the weak 

axis flexure buckling load results from more than one transverse perforation and closely 

spaced perforations longitudinally, see model S2_L2-5_T2-5_NL1-5_NT3_AE in Table 

5 where Pcr,h/Pcr,nh=0.72. Finite strip analysis methods that consider the influence of 

perforation patterns are introduced in the following sections, starting with global 

buckling. 

3.4. Global buckling of thin-walled metal columns with perforation patterns 

The results in Table 5 and past research on thin-walled metal columns with 

discrete holes (Moen and Schafer, 2011; Ortiz-Colberg, 1981) and perforation patterns 

(Casafont et al., 2012; Sarawit, 2003)  confirm that the critical elastic global buckling 

load, Pcre, always decreases because of the reduction in cross-section moment of inertia, 
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I, and torsional constants, J and Cw, along the column length. The following sections 

introduce methods for quantifying this reduction for columns with perforation patterns 

based on a weighted average approach previously derived from a Rayleigh-Ritz energy 

solution (Moen and Schafer, 2009a). 

3.4.1. Global flexural buckling 

3.4.1.1. Critical elastic flexural buckling load prediction 

The critical elastic flexural (Euler) buckling load including the influence of 

perforation patterns is approximated as 

 
g

avg

nhfcrecre
I

I
PP ,,  (1) 

where 

 Iavg =
IgLg + InetLnet

L
. (2) 

The critical elastic flexural buckling load without perforations, Pcre,f,nh, is 

calculated with finite strip analysis or the classical equation Pcre,f,nh=π
2
EIg/L

2
, and Inet and 

Ig are the net and gross cross-section moments of inertia. The net section length along the 

column is Lnet=nlLh, i.e., the number of longitudinal perforations multiplied by the 

perforation length, and the length of gross cross-section is Lg=L-Lnet. Note that calculating 

Pcre,f,nh for a thin-walled section with a finite strip analysis is more accurate than the 

classical equations which overpredict the buckling load because of the rigid cross-section 

assumption (Moen and Schafer, 2009a; Ádány and Schafer, 2006).  
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3.4.1.2. Finite element verification for flexural column buckling considering 

perforation patterns 

Finite element eigen-buckling (Pcre,f,ABAQUS) to approximate method (Pcre) results 

for flexural buckling of rack type sections and all sections are plotted in Fig. 8. The x-axis 

is the ratio of web planar net area, Aweb,net, to web planar gross area, Aweb,g, where 

Aweb,net=(Lho-nlntLhdh) and Aweb,g=Lho. The finite element-to-predicted statistics confirm 

the viability of the approach, with a COV of 0.03 over 1282 models. The finite element-

to-predicted mean is slightly unconservative (mean of 0.96, see Fig. 8 legend). This bias 

could be improved with future research that incorporates long wave distortional buckling 

cross-section deformations caused by perforation patterns (see Fig. 6e) in the finite strip 

analysis.  

 

 
Fig. 8 Flexural buckling finite element to predicted results for Pcre calculated using Eq. 

(1) and Pcre,f,nh calculated with CUFSM 
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3.4.2. Global flexural-torsional buckling 

3.4.2.1. Torsional properties of thin-walled metal columns with perforation 

patterns 

Previous research by the second author demonstrated that the weighted average 

approach employed for flexural buckling can be extended to flexural-torsional buckling 

for columns with discrete holes, except the warping torsion constant, Cw, should be that 

of the net section, Cw,net, because warping torsion shear stresses are disrupted at a 

perforation (Moen and Schafer, 2009a). A similar torsional constant study is summarized 

here to quantify how, on average, the St. Venant and warping torsion constants are 

affected by perforation patterns along the length of a thin-walled metal column.  

The boundary and loading conditions for the torsion study are described in Fig. 9. 

A unit twist, βo, is applied to one end of a thin-walled metal column, the other end being 

twist fixed and both ends free to warp. These boundary conditions produce a linear 

change in the angle of twist, , along the member from which the column St. Venant 

torsion constant, J, including perforation patterns, can be calculated using the classical 

differential equation for uniform torsion To=GJ(d/dz) (Timoshenko and Gere, 1961). 

Once J is calculated, another finite element analysis is performed where a unit twist is 

applied to the column, but this time the end with the unit rotation, βo, is also warping 

fixed. The angle of twist along the column is now nonlinear, and Cw can be calculated, 

including the perforation patterns, from the differential equation for nonuniform torsion 

To=GJ(d/dz)-ECw(d
3
B/dz

3
). The torsion study was conducted on 34 models summarized 

in Table 6, and the results are compared to proposed approximate calculation methods in 

the following paragraphs.  
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Table 6 Torsion study models 

Model Shape L/Lcrd,nh t ho/sl nt Lh dh 

S3_L2-5_T2-5_NL1-5_NT1_AA 3 2.5 2.5 1.5 1 A A 

S4_L2-5_T1-8_NL1_NT1_BB 4 2.5 1.8 1 1 B B 

S3_L2-5_T2_NL2_NT2_CC 3 2.5 2 2 2 C C 

S1_L4_T2-5_NL1-5_NT1_DD 1 4 2.5 1.5 1 D D 

S5_L2_T2_NL3_NT1_EE 5 2 2 3 1 E E 

S3_L2-5_T1-8_NL1_NT2_FF 3 2.5 1.8 1 2 F F 

S5_L4_T1-8_NL1_NT1_AB 5 4 1.8 1 1 A B 

S2_L3_T2-5_NL1-5_NT1_AC 2 3 2.5 1.5 1 A C 

S4_L4_T2-5_NL1_NT2_AD 4 4 2.5 1 2 A D 

S1_L2-5_T2_NL1-5_NT3_AE 1 2.5 2 1.5 3 A E 

S1_L4_T2_NL1_NT1_AF 1 4 2 1 1 A F 

S4_L4_T1-8_NL1-5_NT2_BC 4 4 1.8 1.5 2 B C 

S2_L3_T2-5_NL1_NT2_BD 2 3 2.5 1 2 B D 

S5_L2-5_T1-8_NL1-5_NT2_BE 5 2.5 1.8 1.5 2 B E 

S3_L5_T2-5_NL1-5_NT2_BF 3 5 2.5 1.5 2 B F 

S1_L4_T2_NL1_NT1_CD 1 4 2 1 1 C D 

S2_L2_T2_NL2_NT3_CE 2 2 2 2 3 C E 

S5_L4_T1-8_NL1-5_NT1_CF 5 4 1.8 1.5 1 C F 

S4_L4_T2_NL2_NT2_DE 4 4 2 2 2 D E 

S3_L2-5_T1-8_NL1_NT1_DF 3 2.5 1.8 1 1 D F 

S1_L4-5_T2-5_NL3_NT3_EF 1 4.5 2.5 3 3 E F 

S3_L2-5_T1-8_NL1_NT1_BA 3 2.5 1.8 1 1 B A 

S5_L4_T2_NL2_NT1_CA 5 4 2 2 1 C A 

S2_L3-5_T2-5_NL1_NT1_DA 2 3.5 2.5 1 1 D A 

S4_L2-5_T2-5_NL1_NT1_EA 4 2.5 2.5 1 1 E A 

S2_L2_T1-8_NL2_NT1_FA 2 2 1.8 2 1 F A 

S5_L2-5_T1-8_NL1_NT1_DB 5 2.5 1.8 1 1 D B 

S4_L4_T2-5_NL3_NT1_EB 4 4 2.5 3 1 E B 

S3_L4_T2_NL1-5_NT1_FB 3 4 2 1.5 1 F B 

S2_L3-5_T2-5_NL1-5_NT1_DC 2 3.5 2.5 1.5 1 D C 

S3_L2-5_T1-8_NL2_NT2_EC 3 2.5 1.8 2 2 E C 

S1_L4_T1-8_NL1_NT1_FC 1 4 1.8 1 1 F C 

S2_L3-5_T2-5_NL1-5_NT1_FD 2 3.5 2.5 1.5 1 F D 

S5_L4_T2_NL1-5_NT3_FE 5 4 2 1.5 3 F E 
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Fig. 9 Warping study boundary and loading conditions 

 

 

The weighted average St. Venant torsional constant, Javg, calculated in a form 

consistent with Eq. (2), is demonstrated to be a viable approach when compared to results 

from the finite element torsion study (JABAQUS) in Fig. 10. The finite element-to-predicted 

statistics confirm that Eq. (2) is accurate for one perforation transversely, i.e., nt=1 (n=21, 

Mean=1.03, COV=0.02) and also for multiple perforations, i.e., nt>1 (n=13, Mean=1.01, 

COV=0.05). 
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Fig. 10 Comparison of finite element to weighted average approximations for the St. 

Venant torsional constant, Javg, calculated consistent with Eq. (2) 

 

 

For warping torsion including perforation patterns, the net section constant, Cw,net, 

determined with a section property calculator in CUFSM by setting the thickness at 

perforations to zero, is a viable predictor of Cw for the columns with nt=1 (n=21, 

Mean=1.05, COV=0.06) and when nt>1 (n=13, Mean=1.15, COV=0.04). The weighted 

average warping torsion constant, Cw,avg, is more accurate for nt>1 (n=13, Mean=1.03, 

COV=0.03), however for nt=1 Cw,avg become unconservative as discrete perforations take 

up more of the web, i.e., as Aweb,net/Aweb,g decreases,  supporting the current 

recommendation of using Cw,net for evenly spaced discrete perforations [15], i.e., when 

nt=1.  
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Fig. 11 Comparison of finite element predictions and weighted average Cw,avg and net 

section Cw,net for columns with perforation patterns  

 

Why is Cw,avg more accurate for members with web perforation patterns (nt>1) and 

Cw,net more appropriate for web discrete holes (nt=1)? The answer lies in the warping 

shear stress distribution around the cross-section that defines Cw (Lue et al., 2007). 

Warping shear stresses are plotted in Fig. 12 along a column web twisted at one end with 

o=1 radian where boundary conditions are consistent with Fig. 9, and the twist fixed end 

is also warping fixed. The member cross-section shape is 3 (see Fig. 2), L/Lcrd,nh=2.5, 

t=2.0 mm, ho/sl=1.5, Lh=0.25ho, dh=0.125ho, and the number of transverse web 

perforations (nt) varies from 1 to 3.  

 Web warping shear stresses vary nonlinearly in Fig. 12 for a member without 

perforations. When a single perforation is added at the center of the web (Fig. 12a), the 

shear stress decreases to zero in the net section where the web material is removed. For 
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net sections with nt=2 (Fig. 12b) and nt=3 (Fig. 12c), the shear stresses again converge to 

zero at the perforations but spike higher between perforations as the net section is still 

required to carry the warping portion of the applied torsion.  

The warping shear stresses are also affected in the gross section adjacent to a net 

section, with higher stress magnitudes observed at the perforations to compensate for the 

removed web material. The variations in the warping shear stress are more severe as nt 

increases, compare Fig. 12a to Fig. 12c. The results confirm that perforations interrupt 

warping shear stresses in a net section, and that the warping shear stresses in a gross 

section also vary when perforations are nearby.  

The weighted average Cw,avg is accurate when nt>1 because the net section 

between perforations and the gross section adjacent to perforations develop warping 

resistance on average of Cw,net and Cw,g respectively based on the observed stress peaks in 

Fig. 12b and Fig. 12c. However, for single discrete holes (nt=1), the cross-section cannot 

develop stress peaks adjacent to the perforation (see Fig. 12a), even in the gross cross-

section, which means that warping resistance is derived primarily from the net section, 

especially as perforations remove more material from the web, i.e., Aweb,net/Aweb,g<0.85. 

These conclusions are implemented in a flexural-torsional buckling prediction method 

presented in the next section. 
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Fig. 12 Web warping shear stresses for (a) nt=1, (b) nt=2, and (c) nt=3. The warping 

stresses are normalized to material yield stress of Fy=345 MPa. 

 

3.4.2.2. Critical elastic flexural-torsional buckling load prediction 

The critical elastic buckling load for flexural-torsional buckling including the 

influence of perforation patterns, Pcre, is approximated with an extension of the weighted 

average approach to the classical cubic column buckling equation (Timoshenko and Gere, 

1961) 
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and Cw is equal to Cw,net when nt=1 and is equal to Cw,avg for all other cases. 

The elastic modulus is E, the shear modulus is G, and KxLx, and KtLt are the 

effective column lengths about the x centroidal axis and torsional axis respectively. The x 

distance from the centroid to the shear center for the weighted cross-section is xo,avg 

calculated in the same way as Eq. (2). The weighted average radius of gyration about the 

shear center is calculated using ro,avg=(rx,avg
2
+ry,avg

2
+xo,avg

2
)
0.5

 where rx,avg and ry,avg are the 

weighted average radii of gyration about the centroidal axes calculated using 

rx,avg=(Ix,avg/Aavg)
0.5

 and ry,avg=(Iy,avg/Aavg)
0.5

. The weighted average moments of inertia 

about the centroidal axes are Ix,avg and Iy,avg and Aavg is the weighted average area of the 

cross-section. The weighted average area Aavg should not be substituted for the gross 

cross-section area Ag in Eq. (3) through Eq. (6) because Ag accounts for the conversion of 

stress to force at the column ends.  

The net section properties required to calculate xo,avg, Ix,avg, Iy,avg, Aavg, Javg, and 

Cw,avg can be determined with the section property calculator in CUFSM by setting the 

element thickness to zero at the perforation locations in the cross-section. All weighted 

average properties are calculated in the same manner as Eq. (2). 
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A simpler finite strip approach for calculating Pcre is also proposed as an 

alternative to Eq. (3). In this method, the reduced buckling load is calculated with 

weighted average ratios of the St. Venant and warping torsion constants  
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PP
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where Pcre,ft,nh is the critical elastic flexural-torsional buckling load of the 

unperforated shape calculated with finite strip analysis and Cw is equal to Cw,net when nt=1 

and is equal to Cw,avg for all other cases. The parameters Jg and Cw,g are the gross section 

St. Venant and warping torsion constants, and Javg and Cw,avg are the weighted average St. 

Venant and warping torsion constant calculated in the same manner as Eq. (2).  

3.4.2.3. Finite element verification for flexural-torsional column buckling 

considering perforation patterns 

Flexural-torsional buckling prediction results using Eq. (3) through Eq. (6) 

(weighted average classical solution) and Eq. (7) (finite strip approach) are shown in Fig. 

13 and Fig. 14 for the 54 rack models and all 1282 models in the elastic buckling 

database. Both the modified classic cubic buckling equation (Fig. 13) and finite strip 

approach (Fig. 14) are accurate predictors of global elastic buckling, with finite element-

to-predicted ratios near 1.0 and a COV less than 0.03. The classical weighted average 

solution is more general and applicable even when many large perforations are present, 

whereas Eq. (7) has only been validated for the cross-sections and perforation patterns 

(Aweb,net/Aweb,g≥0.72) considered in this study.  
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Fig. 13 Flexural-torsional buckling ABAQUS to predicted results of Pcre calculated using 

the weighted average classical equations, Eq. (3) through Eq. (6) 

 

 

 
Fig. 14 Flexural-torsional buckling ABAQUS to predicted results of Pcre calculated using 

Eq. (7) and Pcre,ft,nh found in CUFSM 
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3.5. Distortional buckling of thin-walled metal columns with perforation patterns 

Elastic distortional buckling is a mode associated with open cross-sections with 

stiffened flanges in which the flange and stiffener buckle together in restrained flexural-

torsional buckling. There are two types of distortional buckling – symmetric and 

asymmetric. Symmetric distortional buckling occurs when flange and stiffener elements 

buckle away or towards each other but are restrained by the web, resulting in single 

curvature of the web and an opening and closing of the cross-section (Fig. 6c). 

Asymmetric distortional buckling occurs when the flanges buckle in the same direction, 

resulting in the web bending in double curvature (Fig. 6d). Deformation in these modes is 

governed by the rotational restraint of the web – the stiffer the web is, the less the flanges 

will rotate relative to the cross-section. The critical elastic distortional buckling load is 

taken as the minimum of symmetric and asymmetric distortional buckling modes. 

When perforations are present, the transverse web stiffness is degraded, 

increasing distortional buckling deformation and decreasing the elastic buckling load 

(Moen et al., 2013, Moen and Schafer, 2009a, Hancock, 1984). Existing methods for 

predicting this decrease in the distortional buckling load are based on reducing the web 

thickness to simulate the loss in transverse web stiffness from discrete holes in wall studs 

(Moen and Schafer, 2009a), thermal slits in wall studs (Kesti, 2000), and perforation 

patterns in rack sections (Casafont et al., 2012). This web stiffness degradation is 

quantified for perforation patterns in the following section. 

3.5.1. Loss of transverse web bending stiffness due to perforation patterns 

A finite element study was conducted to characterize the reduction in transverse 

web bending stiffness caused by perforation patterns. An imposed rotation varying in 



 43 

magnitude proportional to a half sine wave was imposed to mimic the web deformation 

during distortional buckling. Transverse web rotational stiffness is calculated along the 

plate length using the imposed rotations and the moments caused by these rotations.  

The perforations patterns considered in this study are similar to that of Section A-

HDR in (Sarawit, 2003). The plate width is ho=76 mm, L=600 mm (equal to the 

distortional buckling half-wavelength of the shape without perforations), t=2.16 mm. 

Perforation dimensions are rectangular and based on the bounds of perforations in 

(Sarawit, 2003) – Lh/ho=0.36, dh/ho=0.24 (similar to the “AC” perforation combination 

described in Table 2, Table 3, and Table 4). Three perforation arrangements were 

examined – patterns with one and two transverse perforations spaced longitudinally at 

ho/sl=1.5 and a single row of two transverse perforations. Boundary conditions for this 

finite element plate model are shown in Fig. 15, E=203.4 GPa, μ=0.30, and the plate is 

meshed with ABAQUS S9R5 thin shell elements. 

 

 
Fig. 15 Web rotational restraint boundary and loading conditions 

 

 

The study results in Fig. 16 demonstrate that the presence of perforation patterns 

decreases the plate bending stiffness along the length of a distortional buckling half-

wave. The stiffness reduces rapidly and locally for single row of perforations (Plate A in 
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Fig. 16) which is consistent with (Moen and Schafer, 2009a). For perforation patterns, the 

web stiffness oscillates about an average value (Plates B and C in Fig. 16) and the web 

stiffness for Plate C where nt=2 is reduced about twice as much when compared to Plate 

B where nt=1. 

 

  
Fig. 16 Transverse rotational stiffness of web plates with periodic perforations 

 

 

The loss in transverse bending stiffness from perforation patterns can be defined 

as a ratio of the average transverse rotational stiffness of perforated (Kθ,h) to unperforated 

web plates (Kθ,nh) 
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A reduced web thickness equation for distortional buckling is derived by rearranging Eq. 

(8)  
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It is hypothesized that the transverse web rotational stiffness due to perforation 

patterns is proportional to the ratio of the web planar net area, Aweb,net=(Lho-nlntLhdh), to 

the web planar gross area, Aweb,g=Lho, i.e., 
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The reduced web thickness for approximating Pcrd including perforation patterns 

is obtained by substituting Eq. (10) into Eq. (9); this method is presented and validated in 

the following sections. 

3.5.2. Critical elastic distortional buckling load prediction 

The critical elastic distortional buckling load including the influence of web 

perforation patterns, Pcrd, is approximated in a finite strip analysis by reducing the 

thickness of the cross-section web to  
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A finite strip reference stress is calculated using a unit compressive load applied 

to the modified cross-sectional geometry. The critical elastic distortional buckling load 

including the influence of perforations, Pcrd, is taken as the minimum buckling load on 

the distortional buckling branch of the elastic buckling curve.  The distortional buckling 

half-wavelength from the reduced thickness analysis, Lcrd,h, will be longer than Lcrd,nh. 

3.5.3. Finite element verification for distortional buckling considering perforation 

patterns 

The finite element to predicted ratio statistics and trends for distortional buckling 

in Fig. 17 confirm the viability of the reduced thickness finite strip approach, with a mean 

around 1.0 and a COV=0.09 for all sections and 0.08 for rack sections. The scatter in Fig. 

17 comes from local-distortional buckling interaction in the finite element eigen-buckling 

analyses caused by perforation patterns. 
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Fig. 17 Distortional buckling ABAQUS to predicted results of Pcrd calculated using Eq. 

(11) and CUFSM  

 

3.6. Local buckling of thin-walled steel columns with perforation patterns 

Local buckling of thin-walled members with discrete holes typically occurs as 

unstiffened strip buckling at a perforation or as half-waves forming between perforations 

(Moen and Schafer, 2009a). However, for thin-walled members with perforation patterns 

like those present in pallet racks, full local buckling half-waves can also be 

accommodated by the network of plate material remaining after the perforations are 

punched (see Fig. 7d). Euler strip buckling between two perforations (Fig. 7c) and 

unstiffened strip buckling (Fig. 7b) are also possible. The proposed finite strip 

approximate methods for treating these cases are described in the following sections. 
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3.6.1. Rayleigh-Ritz energy solution for stiffened element local buckling with 

perforation patterns 

It is hypothesized that a reduced thickness can be derived to represent the 

decreased critical elastic buckling stress of a stiffened element (i.e., a uniaxially loaded 

simply-supported plate) caused by perforation patterns, i.e.,  
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where σcr,h is the buckling stress including perforations and knh and kh are the plate 

buckling coefficients for a plate without and with perforation patterns respectively (note 

that knh=4.0 for an infinitely long stiffened element).  

An equation for kh considering perforation patterns is needed to solve for tr in Eq. 

(12). To obtain this equation, a Rayleigh-Ritz plate buckling energy solution is employed 

where the variation in total potential energy of the plate is zero, representing equilibrium 

in the buckled configuration, i.e.,  

 0)(  WUU hnh . (13) 

The elastic strain energy of the stiffened element without holes is Unh and W is the 

external work resulting from a uniform traction load, Ncr. To account for the presence of 

perforation patterns, strain energy at the location of perforations, Uh, is subtracted from 

the strain energy of the corresponding unperforated plate, Unh. The energy terms are 

expressed as 
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where b is the stiffened element width and the element’s flexural rigidity is 
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and integration limits for the strain energy at perforations are 
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The out-of-plane buckled shape, w, is represented as a double Fourier series 

where m and n are the number of longitudinal and transverse half-waves in a series term 

respectively (Chajes, 1974) 
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The critical elastic local buckling solution is obtained by taking the partial derivatives of 

the total potential energy relative to the constant coefficients of the Fourier series, 

resulting in 

 hcr k
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where the plate buckling coefficient including perforations is 
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The longitudinal and transverse positions of an individual perforation relative to a 

buckled half-wave are accounted for by Xi and Yj respectively. The terms α and β are 

perforation dimension modification factors that account for the size of the perforation 

relative to the size of buckled deformations. These factors are written as 
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Solving Eq. (24) is tedious, requiring the numbers of longitudinal and transverse half-

waves (m and n) that produce the lowest value of kh to be found by iteration. Eq. (24) can 

be simplified with several assumptions and observations.  

To minimize kh, the number of transverse buckled half-waves, n, will always be 

equal to one. If the longitudinal perforation spacing is assumed constant, then it is equal 

to length of the plate divided by the number of longitudinal perforations, i.e., sl=L/nl, and 

thus the longitudinal perforation centerline-to-edge spacing is equal to half the center-to-

center spacing, i.e., sle=sl/2. By assuming a constant transverse perforation spacing 

(st=b/nt and ste=st/2), both longitudinal and transverse spacing terms can be expressed 
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through the single variables nl and nt. It is assumed that the classical unperforated plate 

solution for number of longitudinal half-waves is applicable, i.e., m=L/b.  

The combination of these assumptions leads to a single solution of kh, replacing 

the summation operands with the number of longitudinal and transverse perforations (nl 

and nt) 
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and α and β can be simplified by substituting m=L/b and n=1 into Eq. (27) and Eq. (28). 

The average effect of an individual perforation’s position on local buckling is represented 

by X and Y, and the terms nlntX or nlntY contain the cumulative effect of the perforation 

pattern’s position relative to the plate’s buckled configuration. To further simplify the 

solution, it is recommended that X=-1 and Y=-1 which conservatively assumes that strain 

energy is always removed from the plate no matter the location within a half-wave. 

3.6.2. Finite strip treatment of Euler and unstiffened strip local buckling modes 

The proposed net section finite strip method predicts column strip and unstiffened 

strip buckling for sections with perforation patterns with the same approach validated for 

discrete perforations in (Moen and Schafer, 2009a). The net cross-section is input into 
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finite strip software using single zero thickness elements at the locations of perforations 

(Fig. 18a). A reference stress calculated with a compressive unit load (Fig. 18b) is 

applied. The critical elastic local buckling load of the net section, Pcrh, equals the 

minimum load on the signature curve for Lcr,h≤Lh, i.e., Pcrh is the lowest load that causes 

buckling within the length of a single perforation which can be unstiffened strip buckling 

(Fig. 19a) or Euler buckling of a strip between perforations (Fig. 19b). 

 

  
Fig. 18 Section S5_L4_T2_NL_1-5_NT1_AD (a) node and element and (b) stress inputs 

for sub-elemental local buckling analysis using CUFSM 
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Fig. 19 Net Section finite strip analysis for (a) member S5_L4_T2_NL_1-5_NT1_AD, 

Pcrh=358.3 kN at Lcr,h=Lh=40.5 mm showing unstiffened strip buckling; (b) for member 

S5_L4_T2_NL_1-5_NT1_AD, Pcrh=219.3 kN, Lcr,h=Lh=40.5 mm showing Euler strip 
buckling 

 

3.6.3. Critical elastic local buckling load prediction 

The critical elastic local buckling load including the influence of perforation 

patterns, Pcr, is taken as the minimum of  

 ),min( hcrtrcrcr PPP    (32) 

where Pcrtr is the local buckling load including perforation patterns and Pcrh is the local 

buckling load for modes at or between perforations. The local buckling load Pcrtr is 

approximated in a finite strip analysis by reducing the thickness of each stiffened element 

in a cross-section containing perforation patterns to 
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where μ is Poisson’s ratio and the longitudinal and transverse perforation dimension 

modification factors are α and β and are approximated with Eq. (27) and Eq. (28) 
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assuming m=L/b and n=1. A finite strip reference stress is calculated using a unit 

compressive load applied to the modified cross-section and the elemental Pcrtr is taken as 

the minimum buckling load on the local buckling branch of the elastic buckling curve. 

The buckling load at a perforation, Pcrh, is calculated with the method described in 

Section 5.2, i.e., the lowest load on the signature buckling curve for Lcr,h≤Lh.  

3.6.4. Finite element verification for local buckling considering perforation 

patterns 

The finite element to predicted statistics and trends in Fig. 20 confirm the viability 

of the local buckling approach for rack sections (mean of 0.98, COV of 0.05, n=54) and 

for all columns considered in this study (mean of 1.05, COV of 0.11, n=1282). The local 

buckling load for the net section (Pcrh) was always higher than Pcrtr which is consistent 

with the local buckling finite element parameter study in Section 2.4.1. The energy 

solution for Pcrtr becomes increasingly conservative as Aweb,net/Aweb,g decreases. 
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Fig. 20 Local buckling ABAQUS to predicted results of Pcr calculated using the 

minimum of the elemental buckling mode, found using Eq. (33) and CUFSM, and the 

sub-elemental buckling mode, found using the net section in CUFSM 

 

3.7. Conclusions 

Approximate finite strip calculation methods are introduced and validated for 

critical elastic global, distortional, and local buckling loads of thin-walled metal columns 

with perforation patterns like those in cold-formed steel pallet racks. For global flexural 

buckling, the column Euler buckling load without perforations is obtained from finite 

strip analysis or classical equations and then reduced with the weighted average of the net 

and gross-cross section moment of inertia. The flexural-torsional buckling load also 

decreases when perforation patterns are present, and this decrease is predicted with the 

weighted average of the St. Venant and warping torsion constants because perforation 

patterns are found to disrupt the warping shear stress distribution at a net section and in a 

gross section adjacent to a net section. 
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Perforation patterns reduce the plate bending stiffness of elements in a cross-

section, and this reduction is taken into account for both local and distortional buckling 

with a reduced thickness in the finite strip analysis. Engineering expressions are derived 

for calculating the reduced thickness considering perforation dimensions and transverse 

and longitudinal spacing in a cross-sectional element. For local buckling, the reduced 

thickness is calculated with a plate buckling coefficient derived with a Rayleigh-Ritz 

energy solution that considers the influence of perforations. Local buckling within a 

single perforation is also evaluated with a net section finite strip analysis. For distortional 

buckling of a thin-walled open cross-section, decreased transverse web bending stiffness 

from perforations is simulated in a finite strip analysis with a reduced thickness 

calculated using the ratio of web planar net and gross areas. Viability of the finite strip 

methods is confirmed with a database of over 1200 thin shell finite element eigen-

buckling analyses. This research will support an upcoming specification ballot to extend 

the American Iron and Steel Institute’s Direct Strength Method for cold-formed steel 

member design to pallet rack columns with perforation patterns. 
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CHAPTER 4. CONCLUSIONS 

4.1. Summary 

The research presented in this document describes approximate methods to 

predict elastic buckling of pallet rack sections including the influence of perforation 

patterns using finite strip software. These methods are validated with a database of 1282 

finite element models featuring shapes typical of pallet rack columns with a wide array of 

perforation patterns. 

Global flexural buckling uses an approach that relates reduction in buckling 

capacity to a ratio of the weighted average to gross moment of inertia. It is noted that rack 

sections with this buckling mode may be subject to long wave distortional-global 

interaction which is not accounted for by the flexural buckling prediction method. Two 

approximate methods are presented for global flexural-torsional buckling. The first is a 

modified classical buckling equation method that uses weighted average cross-sectional 

properties to approximate the influence of perforation patterns. The second is a simplified 

method that relates reduction in flexural-torsional buckling to the ratios of weighted 

average to gross St. Venant torsional and warping torsional constants. Distortional 

buckling prediction uses a reduced web thickness that relates the reduction in web 

rotational stiffness due to perforations to the ratio of web planar net to gross areas. 

Contrary to previous research on discrete holes (Moen and Schafer, 2009a), perforation 

patterns are observed to increase the distortional buckling half-wavelength which is taken 

into account in the prediction method. Prediction of local buckling only validates a 

method in which holes are located within elemental buckled half-waves; cross-sectional 

elements with perforation sizes or spacings outside of the scope of this research may 
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experience other types of local buckling modes. The local buckling prediction method 

relates a reduction in elemental thickness to the reduction in the plate buckling coefficient 

due to perforations. While observed in models, this method cannot account for plate 

stiffening due to perforations as the plate buckling coefficient can only be reduced when 

perforations are present. 

4.2. Future Research 

The next step to be taken is to examine pallet rack column strength prediction 

accuracy of the Direct Strength Method when used in conjunction with the elastic 

buckling prediction methods of this research. Presented in Appendix A is modifications 

to current language of the American Iron and Steel Institute’s North American 

Specification for the Design of Cold-Formed Steel Structural Members and commentary 

for the specification is presented in Appendix B. Appendix C outlines a design example 

that showcasing how modifications to the code language might be implemented by 

comparing strengths predicted with the Direct Strength Method to axial capacity of a rack 

cross-section tested by Koen at the University of Sydney (Koen, 2008). This example 

brings to light several topics that future research should address: 

 At what perforation sizes and spacings should unstiffened strip and 

column strip buckling modes be considered and how prediction methods 

should address these modes 

 How web stiffeners affect the implementation of local and distortional 

prediction methods 
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 If the lower bound on distortional buckling half-wavelength of three times 

the greatest outside dimension should be modified due to an observed 

short wave distortional buckling mode 

 How rack bracing affects effective lengths in the x, z, and torsional axes  

Additionally, this manuscript raises other points that should be examined in future 

research: 

 How observed long wave distortional-global buckling interaction should 

be treated 

 How stiffening of elements subject to local buckling due to perforation 

patterns should be addressed 

 If the simplified flexural-torsional buckling prediction method is 

applicable to other cross-sections besides those typical of pallet racks. 

 If the distortional buckling prediction method is applicable for cross-

sections with flange perforations 

 At what point does sub-elemental local buckling (unstiffened strip and 

column strip modes) control over local buckling modes captured through a 

reduced thickness approach 

Buckling of members with perforation patterns is a complex phenomenon and 

further research into the topic can further enhance the collective understanding of its 

behavior and the prediction of its strength.  
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APPENDIX A.  MODIFICATIONS TO AISI S100 SPECIFICATION   
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APPENDIX B.  MODIFICATION TO AISI S100 COMMENTARY 
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APPENDIX C.  PERFORATION PATTERN DESIGN EXAMPLE  
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APPENDIX D.  PERFORATION PATTERN FACTORS 

Longitudinal and transverse perforation pattern factors, X and Y, account for the 

average effect of a perforation’s location on local buckling due to the removal of 

material’s effect on strain energy. The effect of varying these factors on the mean and 

coefficient of variation of ABAQUS to predicted results for local buckling was studied 

and results are shown in two dimensional contour plots in the following figure. While 

having a separate cases for X and Y for different perforation pattern parameters can 

improve coefficient of variation results and, in the case of the transverse perforation 

pattern factor, these different cases can be explained by the effect perforations have on 

the in-plane stress distribution (Pennington Vann 1971), it is both conservative and 

simpler to use X=Y=-1. 
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Fig. 21 Study of longitudinal and transverse perforation pattern factors effect on 

ABAQUS to predicted results for local buckling 


